Positive Matrix Factorization (PMF) has been applied to single particle ATOFMS spectra collected 28 on a six lane heavily trafficked road in central London (Marylebone Road), which well represents 29 an urban street canyon. PMF analysis successfully extracted 11 factors from mass spectra of about 30 700,000 particles as a complement to information on particle types (from K-means cluster analysis). 31
INTRODUCTION

48
Airborne particulate matter is one of the major polluting agents in the urban atmosphere, posing a 49 substantial burden for public health. [1] [2] [3] [4] [5] Despite air quality guidelines and policies established 50 worldwide, the progress in reducing PM concentrations in urban areas has been slow in recent 51 years. Cost-effective reduction of PM concentrations may be achieved only after investigating and 52 apportioning source contributions using chemistry-transport modeling or receptor modeling 53 methods. A large fraction of atmospheric aerosol is constituted by organic compounds. [7] [8] [9] [10] [11] [12] Nonetheless, the 56 precise mechanisms of formation and evolution of secondary organic aerosol (SOA) are still a 57 subject of research.
13,14 SOA comprises a complex mixture of organic compounds which originates 58 from both local emissions and long range transport, and ages through many reactions and processes, 59
making it difficult to link SOA to a precise emission source. 60
It is believed that vehicular traffic makes a major contribution to total particulate matter emissions 61 within urban areas, being the main contributor to the observed increase of PM concentrations above 62 the regional background. 15 It is commonly observed that heavily trafficked routes, and especially 63 those within urban canyons, are major hotspots with respect to particle pollution, in which the 64 contributions from regionally transported pollutants, pollutants from the city and emissions from 65 road traffic are superimposed. 15, 16 Many studies have demonstrated that both exhaust and non-66 exhaust (i.e. abrasion, brake, tire and road surface wear, resuspension from the road pavement) 67 contribute to the measured PM concentration, reaching a ratio of 1:1 in the roadside 68 environment. [17] [18] [19] [20] [21] Nonetheless, the estimation of non-exhaust emissions is still recognized as a 69 priority area of uncertainty. 22 Quantification of the resuspension of road dust is a key and very 70 difficult task because road dust presents a varied and heterogeneous chemical profile as a result of 71 multiple sources contributing to the accumulation of particles on the road pavement. sampling artefacts. 29, 30 Cluster and factor analytical techniques can be useful approaches to extract 80 qualitative information on particle types and the major chemical components from the large datasets 81 provided by the ATOFMS.
26,31,32 Traditional K-means cluster analysis and ART-2a artificial neural 82 network analysis are able to extract many different particle types which are normally difficult to 83 link to specific aerosol sources. 30 Giorio et al. 31 applied Positive Matrix Factorization (PMF) 84 analysis for the first time directly to single particle ATOFMS spectra. PMF analysis proved to be 85 useful at deconvolving single particle mass spectra and extracting the contribution of each 86 component. For example, fresh EC was successfully separated from aged EC, and OC was 87 separated into different organic families such as aromatic compounds, N-containing organic 88 compounds and oxidized organic aerosol in the analysis of rural background aerosol. 31 Factor 89 analysis applied to aerosol mass spectrometry (AMS) data has proved to be effective at extracting 90 and separating simplified organic factors associated with some specific source or chemical process, 91
i.e. primary, secondary, hydrocarbon-like, oxidized and cooking aerosol.
6,33,34 Single particle 92 analysis with a soot particle aerosol mass spectrometer (SP-AMS) separated the contribution of two 93 black carbon particle types internally mixed hydrocarbon-like substances. In the present study, PMF analysis has been applied, for the first time, to single particle ATOFMS 96 data collected in a heavily trafficked street canyon in central London and the results compared to 97 those derived from K-means cluster analysis. Information on main particle components (from 98 PMF), mixing-state of particles (from K-means cluster analysis), meteorological data, vehicular 99 The diversity of the particle population 45, 46 has been calculated based on the relative counts of each 150 particle class extracted through k-means cluster analysis. Diversity values vary as a function of time 151
and were calculated at hourly resolution. This approach differs from that described by Healy et al. 45 , 152
where single particle mass fractions of chemical species were used to assess diversity instead. 153
Further details can be found in the Supporting Information (section "Diversity"). 154
155
RESULTS
156
The results of the PMF analysis are reported in Figure S4 , which shows the mass spectra, size 157 distributions, diurnal trends and wind roses associated with the extracted factors. Some of the 158 factors, indicative of the potential sources, are also reported in Figure 1 . Similarly, the results of the 159 K-means cluster analysis ( Figure S5 ) and information on other important data ( Figure S6 • F2-NIT, explaining 1.6% of variance and containing signals of nitrate (m/z -46/-62); 168 • 5-NaCl (7.8%), representing freshly emitted sea spray; 199 representative of primary emissions from road traffic and (iv) organic factors, F1-K and F2-NIT, 225 characterized by mixed local secondary and primary emissions. Also for the clusters (Table S3 , 226 Figure 2b ), four main groups can be separated: (i) 5-NaCl, which is an independent cluster 227 originated from sea spray, (ii) 6-EC-background, 12-Fe-V and 2 amine clusters related to transport 228 of air from the urban background (iii) 3-Ca-EC, 11-Na-EC and 14-N-EC from primary emissions 229
and ( In particular, when wind speed is > 1-2 m/s a vortex is formed within the canyon while with lower 251 wind speeds, stagnant conditions prevail. 49, 50 At the specific sampling site it can be observed that 252 when above-canopy winds blow from the south-easterly direction the traffic contribution is mixed 253 with pollution from the urban background, while with winds from the opposite direction (NW) the 254 urban background contribution is predominant at the sampling point. When above-canopy winds 255 blow from the south-westerly direction a strong traffic contribution is transported from the main 256 junction with Baker Street, often congested, to the sampling point. It has been suggested that traffic 257 congestion significantly increases emissions, to a greater degree than the number of vehicles 258 itself. Arom and F11-Ca show moderate 55 correlations with gaseous primary pollutants (Table 1) , and 263 with the time-series of some metals measured by the ATOFMS (Sb, Ba, Cu, Zn and Ca; Table S5),  264 identified as known markers of vehicular traffic emissions (Gietl et al. 2010) . 265
During the sampling campaign average traffic distribution was 3% motorcycles, 70% taxis, cars and 266
LGVs (light goods vehicles), 24% minibuses, buses and rigid HGVs (heavy goods vehicles) and 3% 267 articulated HGVs. Diurnal trends of traffic flow were consistent among the different classes. Similarly to F11-Ca, F8-EC-presents a size distribution shifted towards smaller particles. Giorio et 277 al. 31 reported for the first time for a regional background site that EC-is related to fresh emissions 278 while EC+ represents aged elemental carbon as an effect of particle composition which affects the 279 ionization and fragmentation pattern of EC. 31, 56, 57 The same results has been obtained also in this 280 sampling campaign, where F8-EC-is clearly related to fresh emissions from vehicular traffic (Table  281 1) while F7-EC+ is related to transport of aged particles from the urban background (see section 282
"Urban background and long range transport"). 283 284 F8-EC-contributes mainly to three different particle types (clusters): 3-Ca-EC (lubricating oils), 11-285 Na-EC and 14-N-EC. The 11-Na-EC cluster is strongly correlated with the 3-Ca-EC cluster (Figure  286 2b, Table S3 ) and could also be associated with exhaust emissions. 14-N-EC is a small cluster (in 287 number of particles) characterized by a mixture of elemental carbon, signals from amines ( Figure  288 S5), which have been already measured in exhaust emissions, 58,59 and a large peak at m/z 42. The 289 latter could be an aspecific fragment of higher molecular weight organonitrogen compounds or 290 acetonitrile 60 adsorbed on particle surfaces. Furthermore, amines can be produced by high-291 temperature surface reactions on soot particle with NH 3 and NO. 59 It has been demonstrated that 292 vehicles running under rich air-fuel conditions with three-way catalytic converters emit NH 3 . AROM) internally mixed with oxidized/aged compounds (more present in 8-OOA-NIT-SUL) and 302 wind roses confirm a mixed primary/local-secondary contribution for the 2-OOA-AROM cluster 303 and a more local secondary contribution for the 8-OOA-NIT-SUL cluster ( Figure S5) . 304 305 A previous study in Marylebone Road found a factor associated with NO x and winds from the 306 south-westerly direction. Based on its size distribution, in the range 50-200 nm, and wind 307 directionality, it was assigned to "solid carbonaceous particles from diesel exhaust". 16 This factor 308 can be related to F8-EC-, F11-Ca and F9-OC-Arom factors and mainly to the 2-OOA-Arom, 3-Ca-309 EC, 11-Na-EC and 14-N-EC clusters found in the present study. From fuel sales date for the UK for 310
2009, the sales of gasoline and diesel were in the approximate ratio 50:50 which is consistent with 311 the observation of high elemental carbon emissions. In other countries, e.g. USA, gasoline vehicles 312 are largely predominant. with winds from the northerly direction ( Figure S4) . A previous study suggested an influence from 327 14 suburban traffic related to winds from the northerly direction in Marylebone Road. 16 The same 328 contribution can be seen also in the wind rose plots for CO, NO x , SO 2 ( Figure S6, Figure 1) and 329 cluster 11-Na-EC ( Figure S5 ). Thus, an influence from suburban traffic may explain this 330 observation. 331 332 Unexpectedly, the wind rose and diurnal trend of F1-K and cluster 1-K-EC-OC-NIT (in which 333 potassium is the main component in all particles) clearly indicate a traffic signature although 334 potassium is normally considered a marker of biomass/biofuel emissions.
69,70 It might be associated 335 in part with road dust resuspension even if its size distribution, centered at 300-400 nm ( Figure S4) , 336
is not entirely consistent with this hypothesis. Potassium has also been reported as a minor 337 component of diesel and biodiesel exhaust 71, 72 and this may be a contributor. Nonetheless, both the 338 diurnal variation and size association seen in Figure S4 are strongly indicative of biomass burning 339 as the main, but not sole contributor. The ATOFMS is extremely sensitive to potassium 73 and thus 340 its detection may be possible even when it is present at trace levels, as those associated with diesel 341 and biodiesel exhaust. 74 It is considered that further studies are required to better quantify the 342 contribution of these various potassium sources to the source apportionment of urban aerosol. The F10-OC-CHNO factor contains both N-containing organic compounds and oxygenated N-375 containing organic compounds. It may be formed by reaction of primary emitted organic 376 compounds (from road traffic) which underwent photochemical aging promoted by NOx and night 377 chemistry promoted by NO 3 radical.
12,76 Another possible mechanism of formation could be linked 378 to reactions between carboxylic acids and primary emitted amines or ammonia 64, 77, 78 or oxidation of 379 these species by OH radical, NO x and O 3 . 59 380 381 F10-OC-CHNO is associated mainly with the cluster 9-OC-K-SOA, whose wind rose depicts a 382 mixed local/urban background contribution ( Figure S5 ). The dendrogram in Figure 2b and 383 correlations with factors associated with primary emissions suggest that 9-OC-K-SOA can be 384 associated with secondary organic aerosol produced predominantly in or close to the street canyon 385 with a small contribution from transport from the background of the city. 386 387 An important result from the present study is that rapid aging processes, with production of 388 secondary aerosol, occur in or close to street canyons, as indicated by the lack of directionality and 389 association with low wind speeds in the wind rose (polar) plots for clusters 8, 9 and 10 ( Figure S5) . 390
This observation is supported by smog chamber experiments on oxidation of anthropogenic 391
VOCs 79-81 and laboratory data in which primary emissions from gasoline vehicles produced SOA in 392 a time scale of a few hours after exposure to ·OH at relevant concentration level expected in the 393 urban environment. 82 In addition, the lack of correlation of F2-NIT and F4-OOA with RH (r=0.02 394 and 0.07 for F2-NIT and F4-OOA respectively, p>0.12) suggests that these factors are formed 395 predominantly by secondary processes in the gas phase rather than aging of primary particles which 396 is kinetically dependent upon uptake of ·OH in the particle phase.
83,84 Conversely, F10 OC-CHNO 397 is weakly correlated with RH (r=0.21, p<0.001) and may be formed from both gas-phase and 398 particle-phase oxidation processes. These processes contribute to the complexity of the clusters 399 observed, by producing highly internally mixed particles (e.g. 8-OOA-NIT-SUL and 9-OC-K-400
SOA). 401
Another important aspect is that during stagnant conditions (wind speed < 1-2 m/s), the estimated 402 contribution of secondary aerosol produced locally increased from 12% to 17% (indicative 403 percentage in number of particles, from data non-corrected for size-dependent inlet efficiency, 404 Table 3 ). This means that locally produced secondary aerosol needs to be taken into account as a 405 contributor from traffic emissions in addition to primary components. This is particularly important 406 in countries were gasoline vehicles are predominant, 82 e.g. in the USA. comparison between the mass spectra of these two clusters can be found in the supporting 443 information ( Figure S9 ). The cluster 7-Amine58 is associated with winds from the northerly sector. 444
Its diurnal trend depicts a nighttime signature ( Figure S5 ) and it is not strongly correlated to any 445 other cluster (Figure 2b , Table S3 ). It may be related to biogenic emissions or emissions from the 446 London Zoo, transported from Regent's Park (north of the site). Cluster 13-Amine59 is 447 characterized by a main peak of trimethylamine at m/z 59 48 and it is internally mixed with 448 secondary components. Previous studies found an association of trimethylamine with many 449 different anthropogenic activities, e.g. industry, livestock, automobiles and tobacco smoke. 59 In 450 ambient aerosol, an association with secondary components, i.e. ammonium, nitrate and sulfate, has 451 already been observed by Zhang et al. 88 . In this campaign, trimethylamine was associated with 452 urban background factors ( Figure 2b, Table 2 ), peaking during daytime ( Figure S5 ) and increasing 453 with long range transport from central Europe. Thus, it was linked with regional aged aerosol, from 454 anthropogenic emissions, but a contribution from vehicle emissions was not observed. A previous study 16 in Marylebone Road extracted three background factors from size distribution 457 data. A "background accumulation mode" factor may be related to F5-NH4 and partially to 9-OC-458 K-SOA cluster (mixed local/urban background origin). An "aged regional aerosol" giving a major 459 contribution to background air in London may be related to F7-EC+, 6-EC-background and 12-Fe-460 V cluster. Finally, a "regionally transported particles" category with a daytime signature may be 461 related to cluster 13-Amine59. 462
463
Sea spray
464
The NaCl (factor and cluster) represents the sea spray source, with a size distribution characterized 465 by a coarse mode ( Figure S4 ). Primary particles from sea spray undergo chemical processing in the 466 atmosphere, causing chloride depletion in which nitrate and sulfate substitute chloride in the 467 particles. 89 The 5-NaCl cluster does not contain nitrate signals and the nitrate factor does not show a 468 coarse mode, and hence NaCl is concluded to be freshly produced by marine sources. Above-canopy winds strongly influence the transport of pollutant in the street canyon and can 475 change the composition of aerosol measured at the sampling site (Table 3) . PM 10 and PM 2.5 476 concentrations in Marylebone Road were higher with above-canopy winds blowing from the south-477 westerly and south-easterly directions ( Table 3 ) which mean that vehicular traffic emissions (SW) 478 or mixed regional/vehicular traffic contributions (SE) were transported to the sampling site. 0.72 on average while it was 0.62 at the North Kensington urban background site. This is consistent 482 with a major contribution from exhaust emissions and secondary aerosol which increases the 483 proportion of fine particles. 484
In Marylebone Road, non-volatile PM 10 is well correlated to PMF factors representative of primary 485 traffic emissions (Table 1) and presents medium-to-weak correlations with F3-NaCl. The wind rose 486 suggests a link with both traffic emissions and marine sources ( Figure S6 ). Non-volatile PM 2.5 487
shows moderate correlations with factors representative of primary emissions from road traffic and 488 factors representative of urban background components (Table 1) . Its wind rose confirms that it is 489 generated by mixed traffic/background sources ( Figure S6 ). Volatile PM 10 and volatile PM 2.5 are 490 correlated mainly with transport of background air into the street canyon ( Figure S6 ). This is could 491 be due to an association with more volatile regional secondary components (i.e. F5-NH4) rather 492 than aged elemental carbon itself (F7-EC+). 493
494
The present study shows the benefits of source attribution using high time resolution and wide 495 range chemical characterization data. PMF applied to single particle data has proven useful to 496 disaggregate the contribution of different sources, fresh and aged aerosol components, and different 497 families of organic compounds, as a complement to information on particle types alone which are a 498 complex superimposition of different contributions. 30 Information on wind roses, traffic flow, 499 gaseous species, PM concentrations and particle diversity were used to assign the sources and 500 elucidate processes occurring in the street canyon. The factors extracted represent the contribution 501 of different traffic related primary components (F11-Ca, F8-EC-, F6-CN, F9-OC-Arom and F1-K), 502 secondary aerosol produced locally (F2-NIT, F4-OOA and F10-OC-CHNO), urban background and 503 long range transport (F7-EC+ and F5-NH4) and fresh sea spray (F3-NaCl). 504
An important result from this study is that aging processes occur in and close to street canyons, with 505 production of secondary aerosol from traffic related primary emissions. This contribution may 506 836 Figure 1 . PMF results derived from single particle mass spectra collected at Marylebone Road, London (UK).
For each extracted factor the mass spectrum, average size distribution, average diurnal trend, wind rose depicting the trend in scores (normalized) with wind speed and direction are reported. In addition, diurnal trend and wind roses for NOx (as a reference of road traffic related emissions) and particle diversity are reported at the bottom rows. Average uncertainty for diurnal trends is ca. 60%. 201x163mm (150 x 150 DPI) 
